I. INTRODUCTION
In a standard solar cell all of the energy of an absorbed photon in excess of the effective bandgap of the material is dissipated as heat and essentially wasted. In colloidal QDs (for example made of CdSe, CdTe) this excess photon energy can be utilized due to a process known as multi-exciton generation (MEG) or direct carrier multiplication. In this process the high energy photon creates a high energy exciton that can decay into a biexciton. For this process to occur the energy of the exciton (which usually consists of a high energy electron-hole pair in the ground state) has to be at least twice as big as the energy of the effective optical gap, i.e. E e n -E h o � 21E e o -E h o I , where eo and ho denote the electron and hole ground states and en is a state higher in the conduction band. This allows for full utilization of high energy photons and dramatically increases solar cell efficiency. The MEG process competes with other radiative and non-radiative recombination processes, most of all with Auger cooling [1], [2] , [3] . To further increase the solar cell efficiency it is necessary to optimize the shape and composition of the QD in order to maximize the ratio of MEG to cooling processes. Theoretical predictions indicate that MEG has the potential to enhance the efficiency of a single gap cell from 33% to 42%, Fig. 1 [4] , [5] . Full realization of this potential requires that the energy threshold for MEG be minimized. An attractive interaction between excitons reduces the threshold by the biexciton binding energy B xx , but this has been found to be small (-10 meV) for type-I QDs. Previous and gain deep insight in the excitonic structure of CdSe/CdTe QD we investigate many-electron effects, like correlation and exchange on the excitonic structure in this class of QDs.
II. THEORETICAL METHOD
When compared to the single material QD, core/shell QDs offer an extra degree of freedom in designing a type-II structure in which the conduction and valence band states can be spatially separated. This separation is schematically shown in Fig. 2 . In the case of QDs with a CdSe core and CdTe shell, after a certain shell thickness the valence band states are strongly confined in the shell region, while conduction band states are either confined in the core or spread over the whole structure. Our approach can be divided into two parts: first we calculate the single-particle electron and hole states, and then we use that information to build the many body Hamiltonian that is used to calculate many-body states such as excitons and biexcitons. To find single-particle states we used the 8-band k· p Hamiltonian that includes effects of strain and piezoelectricity at the core/shell interface. [7] , [8] The Hamiltonian is parameterised by material parameters taken either from experiment or from ab initio hybrid density functional calculation using B3LYP and PBEO functionals [9] . The large difference in dielectric permittivities of QD and colloid materials induces significant surface charges which strongly interact with the charges inside the QD [6] , [10] . This effect is fully taken into account in our model by spatial Electronic structure for (a) a type-I and (b) a type-II QD (YBM=valence band maximum and CBM= conduction band minimum). In a type-I structure, both carriers reside in the core while for a type-II structure the electron is in the core and the hole in the shell (or vice versa). In a quasi type-II structure, one carrier is confined to either the core or shell and the other is either de localised over the whole QD or confined in the opposite region. The colour maps compare the electron (blue) and hole (red) wave functions in type-I and type-II QDs and were obtained using the " kppw " code.
vanatlOn of the dielectric constant c = c (r) that enters the expression for the Coulomb integrals Viljk. The dielectric properties of the constituent materials were predicted by the time-dependent density functional theory [11] . The many-body Hamiltonian contains only particle-conserving terms, and is given by
To get excitonic states we write the Hamiltonian, Eq. (l), in a two particle basis (one electron and one hole) li,j) = lei ) Ihj), and for biexcitons we use a four particle basis li,j, k, l) = lei ) Ihj) lek) Ihl)' [8] .
III. RESULTS AND DISCUSSIONS
The lSi/�nS� h � (n = 1,2) states are the two lowest energy excitons observed in the absorption spectra of colloidal CdTe/CdSe NCs, [12] , [l3], [14] making them the most important for understanding the near band-edge absorption characteristics of such nanoparticles. In Figure 3 we compare h lS( e ) lS( h) d lS( e ) 2S( h) . In Fig. 4 we compare the exciton dipole spectrum of (a) an ac = 2 nm, as = 1 nm CdTe/CdSe QD and (b) an ac = 3.8 nm CdTe QD calculated using the CI Hamiltonian. The radius of the core-only QD is chosen such that the absorption wavelength of its ground state exciton is the same as that of the core/shell QD. The energy gap between the lsi/� lS�)� and lsi/� 2S�)� excitons is increased from rv 0.1 eV in the core-only QD to rv 0.18 eV in the core/shell structure. The size of the ground state exciton optical dipole matrix element is reduced by about 30%, from 0.15Pt? in the core-only QD to O.11Pt? in the core/shell QD due to reduced election-hole overlap and electron de localization (the ac = 2 nm, as = 1 nm QD lies in the quasi-type-II regime). As expected, the CdTe QD shows slightly stronger absorption than its CdTe/CdSe QD counterpart (see Fig. 4 (c», mainly due to the better overall overlap between electron and hole states in core-only QDs compared to type-II structures. However we note that type II QDs overall have superior absorption properties compared to core-only QDs for the important application area of QD sensitized solar cells. For example the type-II band alignment allows the band-edge absorption to be red-shifted compared to the core-only QD -this is often desirable because the optimum energy for exploitation of the solar spectrum is '" 1.35 eY. Type-II QDs also allow greater absorption ranges to be achieved compared to core-only QDs since the absorption edges are not limited by the energy gap of the underling bulk materials. As previously mentioned, full realisation of MEG potential for elevated solar cell efficiency requires that the energy threshold for MEG be minimized. An attractive interaction between excitons reduces the threshold by the biexciton binding energy, but this has been found to be small in magnitude for type-I QDs [16] . Previous calculations of B xx in type-II CdSe/CdTe QDs have found a large repulsion between excitons. Here we show that taking into correlation account allows combinations of core diameter and shell thick ness to be found for a CdSe/CdTe core/shell QD that result in large values of B xx < O. Using the full CI Hamiltonian we have found that: (i) it is not possible to predict biexciton binding using the Hartree approximation alone when effects of exchange and correlations are ignored; it can only be predicted with a full CI Hamiltonian, (ii) CI predicts B xx = -55 meV for structures with ",0.5 nm thick shell, (iii) it is not possible to predict biexciton binding for structures with shell thickness >0.75 nm if dielectric confinement is ignored and (iv) a proper calculation of B xx requires the inclusion of correlation and surface polarization effects. The strong biexciton binding found is explained by a stronger reduction in the Coulombic repulsion between holes than reduction in the attraction between electrons and holes on the addition of the CdTe shell layer, which is a consequence of the 4-fold degeneracy of the hole ground state imposed by synunetry of the structure. The characteristic minimum in B xx that occurs for certain CdTe shell thicknesses cannot be explained unless the quantum mechanical effect of correlation is taken into account explicitly. Our CI analysis suggests that there are large differences between the correlation energy E'X);:." of a biexciton and the correlation energy E'X°rr. of the exciton, i.e.
978-1-4799-7944-8/15/$31.00 ©2015 IEEE 3.5 nm that the relation E'X'X.r = 2E'X°rr does not hold. In Fig. 5 we present the exciton correlation energy as a function of shell thickness in CdSe/CdTe QDs with ac = 3.5 nm. It is visible that the correlation energy reaches its minimum in the vicinity of the localisation boundary for the ground state hole, i.e. for the shell thickness when hole charge density starts to localise from core toward the shell region. This characteristic distance coincides with the one at which B xx exhibits its largest value, suggesting that the dominant effect on large biexciton binding in core/shell structures is due to effect of correlation. Using the correlated exciton energies and correlated optical dipoles we have predicted that the radiative times in CdSe/CdTe QD with ac = 2 nm, increase by only one order of magnitude (from ",2 ns to ",20 ns) when the QD shell thickness is increased from 0 to 2 nm, Fig. 6 . These results are in excellent agreement with experimentally measured radiative times on similar type-II QD structures [13] . However the same change in shell thickness causes the non-radiative Auger electron cooling times to increase by three orders of magnitude (from rv 1 ps to rv 1 ns). Such a dramatic slowdown of the Auger electron cooling could be of the potential benefit for increased MEG efficiency. The observation that radiative lifetimes and Auger cooling times can be changed by one and three orders of magnitude respectively seems to be unique to colloidal type II QD structures, and distinct from epitaxially grown type-II structures in which both times increase over three decades by appropriate wave function engineering [17] . We attribute this behaviour to the strong dielectric confinement effects existing in colloidal structures [14] , in contrast to epitaxial structures which have uniform dielectric constants.
IV. CONCLUSIONS
In contrast to core-only QDs, our results show that the charge separation due to the type-II band alignments in core/shell QDs leads to strong deviations from the strong confinement approximation; this necessitates the inclusion of exchange and correlation effects for the realistic description of exciton states. The exciton binding energy and recombination probability can be significantly affected by dielectric environ ment, with excitons in spherical e/h type-II QDs being more affected by the dielectric environment than in the inverse struc tures. By varying the shell thickness the absorption properties of core/shell structures are slightly affected when compared to equivalent core-only QD structures. However, the introduction of a shell leads to (a) the appearance of strongly bound biexcitonic states that minimise the threshold for the MEG process, (b) increased radiative times in core/shell structures when compared with equivalent core-only QDs (enabling better charge extraction in core/shell MEG structures), and (c) while radiative relaxation times are increased by one order of magnitude with introduction of shells, the detrimental Auger election cooling process is slowed down by three order of magnitudes from rv 1 ps to rv 1 ns time scale. All those effects acting together can make the colloidal core/shell QD structures promising material for MEG solar cells.
